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Abstract
Background: Patients with lower extremity amputation frequently suffer from socket-related problems. This
seriously limits prosthesis use, level of activity and health-related quality of life (HRQoL). An additional problem in
patients with lower extremity amputation are asymmetries in gait kinematics possibly accounting for back pain.
Bone-anchored prostheses (BAPs) are a possible solution for socket-related problems. Knowledge concerning the
level of function, activity and HRQoL after surgery is limited.
The aims of this ongoing study are to: a) describe changes in the level of function, activity, HRQoL and satisfaction
over time compared to baseline before surgery; b) examine potential predictors for changes in kinematics,
prosthetic use, walking ability, HRQoL, prosthesis comfort over time and level of stump pain at follow-up; c)
examine potential mechanisms for change of back pain over time by identifying determinants, moderators and
mediators.
Methods/design: A prospective 5-year longitudinal study with multiple follow-ups. All adults, between May 2014
and May 2018, with lower extremity amputation receiving a press-fit BAP are enrolled consecutively. Patients with
socket-related problems and trauma, tumour resection or stable vascular disease as cause of primary amputation
will be included. Exclusion criteria are severe cognitive or psychiatric disorders. Follow-ups are planned at six-
months, one-, two- and five-years after BAP surgery. The main study outcomes follow, in part, the ICF classification:
a) level of function defined as kinematics in coronal plane, hip abductor strength, prosthetic use, back pain and
stump pain; b) level of activity defined as mobility level and walking ability; c) HRQoL; d) satisfaction defined as
prosthesis comfort and global perceived effect. Changes over time for the continuous outcomes and the
dichotomized outcome (back pain) will be analysed using generalised estimating equations (GEE). Multivariate GEE
will be used to identify potential predictors for change of coronal plane kinematics, prosthetic use, walking ability,
HRQoL, prosthesis comfort and for the level of post-operative stump pain. Finally, potential mechanisms for change
in back pain frequency will be explored using coronal plane kinematics as a potential determinant, stump pain as
moderator and hip abductor strength as mediator.
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Background
The population living with a lower extremity amputation
is estimated to grow significantly, in part, due to the
aging population and high rates of vascular disease [1].
In the Netherlands, 90–94% of the lower extremity am-
putations are due to vascular disease, 3% to trauma and
3% to tumour resection [2]. The primary amputation
level is transtibial in 49% of the patients, knee disarticu-
lation in 9%, transfemoral in 34% and bilateral in 9% [3].
Approximately 86% of the patients with a lower extrem-
ity amputation are fitted with a socket prosthesis (SP)
[4]. Within socket prosthesis users, 34–63% have re-
ported suffering from socket-related problems including
chronic skin problems and residual limb pain associated
with the socket [5–9]. It is well known that the symmetry
in spatio-temporal, kinematic and kinetic parameters dur-
ing gait is reduced in SP users compared to able-bodied
persons [10–12]. In addition socket fitting problems [13],
decreased hip abductor strength [13–15] and changed
muscle activity patterns [16] may be a possible cause for
this asymmetry. Gait asymmetry, specifically in the cor-
onal [17–19] and sagittal plane [18], are considered to be
associated with secondary complaints such as back pain
[20]. Both, socket-related problems and back pain can lead
to limited prosthetic use [5, 21] and reduced health-
related quality of life (HRQoL) [5, 7].
For patients with a lower extremity amputation who
suffer from socket-related problems the prosthesis can
be transcutaneously attached to the bone by osseointe-
gration utilizing intramedullary implants, known as
bone-anchored prostheses (BAPs) [22]. BAPs are used in
patients with a transfemoral [23–30] or transtibial am-
putation [31–33]. To date, there are two types of im-
plants available: a screw BAP [34, 35] and a press-fit
BAP [29, 36]. Both are implanted using two-step surgery
techniques, however, for the press-fit BAP the time be-
tween surgeries is 4.5 months shorter than for a screw
BAP [34, 36]. Additionally, the rehabilitation period is
shorter for press-fit BAP because the implant allows
more weight bearing in the early post-operative phase
[29, 34–36].
An advantage of direct attachment to the bone, re-
gardless of the used BAP method, is that the patient has
a better ability to detect vibrotactile and pressure stimuli
of the prosthetic limb compared to socket prosthesis
users [22, 37, 38]. These stimuli are also known as
osseoperception. Although BAP surgery has been per-
formed for over 25 years only eight and generally small
longitudinal studies [23, 25, 27–31, 39] assessed the level
of function, activity and QoL outcomes of BAP com-
pared to SP use. Various benefits have been found on
body functions or structures (hereafter referred to as
level of function), level of activity and HRQoL for BAP
use compared to SP use [40, 41]. However, functional
outcomes seem to be an underexposed part of BAP re-
search to date. This is remarkable, because BAP surgery
is an invasive intervention aimed to overcome problems
in physical functioning in SP users with socket-related
problems. In the SP population, complaints such as back
pain may be the result of asymmetries in coronal plane
gait kinematics and are possibly related to hip abductor
strength deficiencies [20, 42], but have not been
researched in the BAP population. Research on the level
of satisfaction experienced by the patient with respect to
their prosthesis is absent. Similarly, factors associated
with outcomes regarding the levels of function, activity,
HRQoL and satisfaction of the prosthesis after BAP sur-
gery has not been researched. This study will address the
above mentioned outcomes and follow, in part, the ICF
classification [41]. The purpose of this manuscript is to
detail the study protocol of an ongoing prospective 5-
year longitudinal study with multiple follow-ups. The
study focuses on patients with a lower extremity ampu-
tation who are fitted with a press-fit BAP and complete
a standard rehabilitation programme. Through publish-
ing this study protocol we aim to: a) increase the trans-
parency of our data collection; b) prevent publication
bias and selective reporting; c) prevent data dredging
[43]. The study has four aims:
Aim 1: to describe the change in the level of function,
activity, HRQoL and satisfaction in patients with a lower
extremity amputation after receiving a press-fit BAP at
short-term (six-months and one-year), mid-term (two-
years) and long-term (five-years) follow-up in comparison
to baseline. We hypothesise that coronal plane kinematics
symmetry, hip abductor strength, prosthetic use, mobility
level, walking ability, HRQoL and prosthesis comfort will
improve over time and that the frequency of back pain
will decrease over time.
Aim 2: to examine potential predictors for the change
of coronal plane kinematics, prosthetic use, walking
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ability, HRQoL and prosthesis comfort over time: out-
comes that are the main reason why patients choose a
BAP The potential predictors which will be included in
the analysis are: demographic data, patient characteris-
tics, baseline level of function, baseline level of activity
and baseline level of satisfaction (Additional file 1).
Aim 3: to examine predictors for the level of stump
pain at short-term, mid-term and long-term follow-up
(Additional file 1). In our clinic we see that stump pain
after BAP surgery negatively influences outcomes on the
level of function, activity, HRQoL and satisfaction. How-
ever, we do not have insight in the level of stump pain at
follow-up and knowledge concerning predictors for
stump pain is absent.
Aim 4: to examine potential mechanisms for changes
in back pain at short-term, mid-term and long-term
follow-up. We hypothesise that an increase of coronal
plane kinematics symmetry will be a possible determin-
ant for a decrease in back pain (Fig. 1). We also hy-
pothesise that stump pain will act as moderator and hip
abductor strength will act as mediator.
The short-, mid- and long-term outcomes and the re-
sults of the various aims of this study will be presented
in separate articles.
Methods and design
This is an ongoing prospective 5-year longitudinal study
with multiple follow-ups. All assessments are part of
usual care for patients with a lower extremity amputa-
tion following BAP surgery.
Study population
All patients who are eligible for a press-fit BAP in the
Netherlands undergo surgery in one hospital (Radboud
university medical centre). All consecutive patients in our
centre, between May 2014 and May 2018, undergoing
BAP surgery are eligible for this study. Patients are eligible
for press-fit BAP surgery if: a) they are adults with a lower
extremity amputation suffering from socket-related prob-
lems contributing to limited prosthetic use; b) the cause of
primary amputation is congenital or due to a trauma,
tumour resection or stable vascular disease. Exclusion cri-
teria for surgery are the presence of severe cognitive or
psychiatric disorders. A multidisciplinary team including a
surgeon, rehabilitation physician, physiotherapist and
prosthesist assess patients for inclusion for BAP using a
standard procedure as described by Van de Meent et al.
[29]. When patients’ medical history reveals a psychi-
atric history, a psychologist is consulted to assess the
patient prior to inclusion.
Sample size
We will not draw a sample, but aim to include the entire
population, which started in May 2014. We expect to
have little non-responders as all assessments are part of
usual care. This expectation is supported by the fact that
we had no non-responders since the start of this study.
Based on the average number of surgeries in the
Netherlands during the year 2014 and 2015 we expect
that 18 patients will be included each year [44]. For our
first aim, investigating change over time, we will present
the first interim analyses of this growing cohort when
we have a minimum of 40 patients at the following time
points: one-, two- and five-year follow-up. Press-fit BAP
surgery started in the Netherlands in 2009. Between
2009 and 2014, 42 patients received a BAP. Thus at the
time of our first interim analyses (mid of 2017) the total
Dutch population with a minimum follow-up of one-
year will include 82 patients [44]. Although, the sample
size of 40 patients appears to be small, the study will
have gathered longitudinal data (with a minimum
follow-up of one-year) in 49% of the total Dutch popula-
tion of patients with a press-fit BAP. We expect that this
is sufficient to be able to generalise the results to the
Dutch population eligible for a press-fit BAP. Of the pa-
tients included in this study to date, none have dropped
out. We also do not anticipate any high drop-out rates
for the remainder of the study as the assessments are
part of usual care.
We will use the rule-of-thumb for prediction model-
ling with multiple factors and assume that we need ten
cases per predictor [45]. The various continuous out-
comes of interest have a different number of potential
predictors (Additional file 1) ranging from three to seven
variables. A minimum of 30 subjects are needed for
prosthetic use, 40 subjects for HRQoL, 50 subjects for
walking ability and prosthesis comfort, 60 subjects for
coronal plane kinematics, and 70 subjects for stump
pain. Based on these numbers we expect to complete the
inclusion of patients for this study around May 2018.
Fig. 1 Causal model for change of back pain
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Intervention
Press-fit BAP surgery involves two surgeries six to eight
weeks apart [29, 36]. First, a cementless intramedullary
stem is inserted in the femur or tibia and the wound is
closed. After osseointegration has been initiated, a second
procedure creates a soft tissue stoma with a transcutane-
ous connector which is bolted into the intramedullary
stem. Between the two surgeries the patient is not allowed
to use a socket prosthesis but is permitted to ambulate on
the sound limb using a walking aid, such as crutches.
All patients start rehabilitation one week after the sec-
ond surgery. Rehabilitation aims to reach predetermined
functional goals. These goals include increasing the level
of activity and minimising gait compensation strategies,
such as, an unstable pelvis and ipsilateral lateral flexion of
the trunk during stance phase. Rehabilitation focuses on
improving hip abductor strength, core stability, symmetry
in spatio-temporal parameters and symmetry in kinematic
parameters. The detailed rehabilitation programme is de-
scribed elsewhere [46]. The duration of the twice weekly
rehabilitation programme (Fig. 2) depends on the level of
amputation level and ranges from 4 weeks (transtibial am-
putation) to 11 weeks (transfemoral amputation). Re-
habilitation is prolonged if the patient is improving but
has not met the previously determined goals.
Ethics
Patients included in this study are informed about the
baseline and follow-up assessments by the treating phys-
ician during the multidisciplinary out-patient clinic for
BAP. A separated document, including a patient infor-
mation letter and informed consent form is attached to
the baseline assessment appointment letter. Informed
consent with permission to use the usual care data for re-
search purposes is obtained prior to the baseline assess-
ment. The study is conducted according to the principles
of the Declaration of Helsinki (64th version, 19-10-2013).
The protocol of this study (registration number 2014/196)
was approved by the Ethics Committees of Radboud uni-
versity medical centre.
Study procedures and parameters
Patients are assessed by the treating physiotherapist at
baseline (preoperatively) and at six-month, one-, two-
and five-year follow-up (Fig. 2). The primary outcomes
of this study are level of function, activity, HRQoL and
satisfaction. Demographics and patient characteristics
are obtained from the patients. These variables will be
used for descriptive statistics, and some will be used as
potential predictors for change of coronal plane kine-
matics, prosthetic use, walking ability, HRQoL, pros-
thesis comfort and the level of stump pain at follow-up
(Additional file 1).
Demographics and patient characteristics
Sex, age, cause of amputation and the time from primary
amputation to inclusion are collected at baseline from the
patients’ medical file. Level of amputation is obtained at
baseline and at six-month follow-up. Body mass index
(BMI) accounting for the limb loss using the adjusted body
weight [47], residual limb and sound limb characteristics
[46, 48] and used prosthesis parts are obtained at baseline
and all follow-up time points. Rehabilitation characteristics
(the duration in weeks and the number of rehabilitation
sessions) are also obtained. Adjusted body weight is calcu-
lated with the following formula: actual body weight/(1
minus percentage of the amputated part of the limb). The
amputation percentages are: Transfemoral Amputation
(TF): 10.1%, Transtibial Amputation (TT)/knee disarticula-
tion (KD): 5.9%, foot amputation: 1.5%, bilateral TF: 20.2%,
bilateral TT/KD: 11.8%, bilateral foot amputation: 3.0% and
TF combined with TT/KD: 16.0% [47].
Level of function
Coronal plane kinematics In unaided walkers, kinemat-
ics in the coronal plane are recorded using a video cam-
era (Panasonic HC-X920) during two activities. First,
Fig. 2 Flow chart of assessments and interventions
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while a patient walks three times up and down a path of
15 m. Secondly, while a patient performs a step exercise
with the sound side. The step exercise is performed, two
times consecutively using a 11 cm high aerobic power
step (Tunturi® New Fitness, Almere, The Netherlands).
The kinematics (continuous scale) in coronal plane (in
degrees) are assessed using two methods: a) an overall
angle between trunk and residual limb during the mid-
stance is calculated out of two angle measurements,
namely the angle between pelvis and residual limb and
the angle between pelvis and trunk. To be able to assess
these angles using Dartfish® software (Dartfish, Fribourg,
Switzerland), a piece of tape (approximately 1.0 by
1.0 cm) is placed on 1) the anterior superior iliac spine
(ASIS) on both sides, 2) the proximal part of the manu-
brium and 3) 30 cm distal of the ASIS on the ventral
side of the residual limb (Fig. 3). The reference points
for the position of the tape on the residual limb varies.
In patients with a transtibial amputation the middle of
the patella is used as a reference for all assessments. At
baseline, the middle of the socket is used in patients
with transfemoral amputation or knee disarticulation,
because the position of the bone in soft tissue is not vis-
ible. At follow-up the transcutaneous connector is used
in patients with a transfemoral amputation; b) peak pel-
vis and trunk segment angles during stance phase are
measured relative to the laboratory axis using two wire-
less gyroscopes (Valedo®Motion, Hocoma, Volketswil,
Switzerland) on the first vertebrae of the sacrum and
17.5 cm cranial of the distal gyroscope respectively,
(Fig. 4) using an applicator. A reproducibility study is
now ongoing to assess both angle measurements and
will determine which instrument will be used to evaluate
the kinematics.
Hip abductor strength Hip abductor strength (continu-
ous scale) is measured using the ‘make-technique’ with a
microfet2™ handheld dynamometer (HHD) (Hoggan Sci-
entific LLC., Salt Lake City, Utah, United States) with
the patient lying in supine position. A fixation-belt is
used to stabilise the pelvis and prevent sliding. The
HHD is applied 22 cm distal of the most prominent as-
pect of the greater trochanter. For each strength test,
following a warm-up of one submaximal contraction, all
patients perform three maximal trials for 3 to 5 s with a
1-min rest interval. The maximum of three valid trials is
used. The torque value (Nm) of the hip musculature is
normalised by body weight in kilograms (kg), result-
ing in a torque value in Nm/kg. This hip abductor
strength test is a modification from the test described
by Pua et al. [49]. A reproducibility study is now ongoing.
Prosthetic use The prosthetic use score (continuous
scale: 0–100 points) of the Dutch version of the
questionnaire for persons with a transfemoral amputa-
tion (Q-TFA) is used to assess the patient-reported pros-
thesis wearing time [50]. A higher score represents a
longer wearing time.
Back pain A single question (ordinal scale) ‘Did you
experience back pain within the previous month?’ with
three response alternatives; ‘no’, ‘yes, with episodes’ and
‘yes, chronic (daily)’ is used to assess back pain fre-
quency [46].
Stump pain Post-operative stump pain (continuous
scale) is assessed during follow-up using the Numeric
Rating Scale (NRS: 0–10) [51]. Pain location (nominal
scale) is assessed for descriptive purposes with seven
response alternatives: ‘no location’, ‘soft tissue stoma’,
‘distal side stump’, ‘ventral side stump’, ‘inguinal area’,
‘greater trochanter area’ or ‘other’.
Level of activity
Mobility level The mobility level is assessed using three
patient-reported outcome measures (ordinal scales: a-c)
and one physical performance measurement (continuous
scale: d): a) the Medicare Functional Classification Level
(MFC-level) [52], also known as ‘k-levels’ (0–4) in which
‘k0’ represents a non-ambulatory person and ‘k4’ a high-
level prosthesis user; b) the Special Interest Group in
Amputee Medicine Workgroup Amputation and Pros-
thetics (SIGAM WAP) mobility score (class A-F) [53]
where ‘class A’ represents an abandoned prosthesis user
and ‘class F’ a prosthesis user with a normal gait without
aids; c) a question concerning the use of aids in daily life,
both for indoor use and outdoor use, with a 5-point
likert scale answer; ‘wheelchair-bound’, ‘walking frame/
rollator’, ‘two crutches/canes’, ‘one crutch/cane’, ‘none’; d)
the timed up and go (TUG) using a standard arm chair
(seat height 46 cm, arm height 67 cm) and a 3 m walk-
ing course marked by a pylon, representing the level of
physical mobility [54]. The fastest attempt (in seconds)
of three TUGs is noted as final time score.
Walking ability Walking ability is evaluated using two
measurements (continuous scales): a) a self-paced 6-
minute walking test (6MWT). Patients walk six minutes
as fast as they can without encouragement, on a 10 m
course marked by two pylons representing the submaxi-
mal level of functional capacity [55, 56]. Total walking
distance will be recorded in metres and walking speed
will be calculated in metres per second as an indicator
of gait performance [57, 58]; b) a single question: ‘How
far can you walk in one go in everyday life?’ representing
a patient-reported estimation of the walking distance in
daily life in metres [46].
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Fig. 3 Position of the tapes
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Fig. 4 Position of the gyroscopes
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Level of health-related quality of life
The Q-TFA global score (continuous scales: 0–100
points) is used to assess HRQoL and is a summary of
three items: perception of function, problems with the
current prosthesis and the perception of the current
overall amputation situation [29, 50]. A higher score re-
flects a better HRQoL. All three items are scored on a 5-
point likert scale. For patients not using a prosthesis
only the single overall question (ordinal scale) is used;
‘How would you summarize your overall situation as an
amputee?’, with five response alternatives; ‘extremely
poor’, ‘poor’, ‘average’, ‘good’ or ‘extremely good’.
Level of satisfaction
Prosthesis comfort To assess the satisfaction of the pa-
tient in regards to their prosthesis, including the socket
or bone-anchored prosthesis aspect, the Prosthesis Com-
fort Score (PCS) [46] is used. The PCS (continuous
scales) is a single question ‘How satisfied are you with
your current prosthesis on a scale of 0 to 10, where 0 is
not satisfied and 10 extremely satisfied?’.
BAP satisfaction Global perceived effect of BAP (or-
dinal scale) is assessed within the post-operative follow-
up using a single question ‘Would you, with your current
knowledge, choose for a BAP again?’ with five response
alternatives; ‘strongly disagree’, ‘disagree’, ‘neutral’, ‘agree’
or ‘strongly agree’.
Statistical analysis
All outcomes will be analysed non-stratified. Addition-
ally, we will stratify for level of amputation and for base-
line wheelchair-boundedness when applicable. The size
of the subgroups will determine whether statistical tests
will be used to analyse the outcomes of the subgroups,
or if only descriptives will be presented. All analyses will
be performed using SPSS v23 (SPSS Inc., Chicago, Illi-
nois, United States). In all cases, two sided p-values
<0.05 will be considered to be statistically significant.
Descriptive statistics
Categorical data will be presented as exact numbers.
Percentages will be calculated for the various levels. For
the continuous data, means and standard deviations will
be calculated for normally distributed variables. For data
not-normally distributed median and inter-quartile
ranges will be used. Missing data will be analysed and
imputation techniques will be used where necessary.
Aim 1: longitudinal statistics
Change over time in level of function, activity, HRQoL
and satisfaction will be analysed for all continuous out-
comes (coronal plane kinematics, hip abductor strength,
prosthetic use, mobility level, walking ability, HRQL and
prosthesis comfort) and for one categorical outcome
(back pain). Generalised estimating equations (GEE) for
repeated measurements with an exchangeable correl-
ation structure will be used [59–61]. Back pain will be
dichotomised for this analysis into ‘no back pain’ and
‘back pain’ (representing the classes ‘yes, with episodes’
and ‘yes, chronic (daily)’). Continuous outcomes (mean
change) and the dichotomised outcome (odds ratio) will
be presented with 95% confidence intervals.
Aim 2 and 3: prediction models
For the significantly changed outcomes of interest over time
(change of coronal plane kinematics, prosthetic use, walking
ability, HRQoL and prosthesis comfort) and for stump pain
at follow-up, multivariate GEE [59, 61] will be used to
examine which potential predictors are of added value in
the prediction of these outcomes (Additional file 1). Poten-
tial predictors are age, BMI, time from primary amputation
to inclusion, cause of amputation, level of amputation,
length of the residual limb, baseline hip abductor strength,
baseline prosthetic use, baseline mobility level, baseline
walking ability and baseline prosthesis comfort. Baseline
values of the outcomes of interest will also serve as poten-
tial predictors. The multivariate model will be reduced by
manually removing predictors with a p-value of >0.15 based
on the log-likelihood ratio test. Model performance will be
assessed by the percentage of explained variance (R2) and
C-statistics for continuous and categorical outcomes,
respectively.
Aim 4: causal model for change of back pain
To explore the potential mechanisms in the causal model
for change of back pain over time (Fig. 1), the potential
determinant (coronal plane kinematics), the potential
moderator (stump pain), the potential mediator (hip ab-
ductor strength) and the interaction term of the determin-
ant and moderator/mediator will be analysed using GEE.
Discussion
All assessments included in this study are part of usual
care. This is, in our opinion, an advantage because the
risk of missing data and loss to follow-up is expected to
be low. The Netherlands is a relative small country,
resulting in small logistical challenges. This differs from
other countries where bone-anchored prosthesis surgery
is performed (e.g., Sweden, Germany, Australia). There
are a few limitations to our study design. 1) A disadvan-
tage of data collection during usual care is that it may
lead to measurement bias. Measurements may have to
be performed by a different rater in unforeseen circum-
stances and the rater is also the treating physiotherapist.
Furthermore, the used measurement instruments are
rarely gold standard tools. In order to limit measure-
ment bias, we standardised the measuring procedures as
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described in this study protocol, limited the maximum
number of raters to two across all follow-ups and trained
the raters. Three of our measurement instruments
(Dartfish® angle measurement, Valedo®Motion angle meas-
urement and hip abductor strength test) are developed
specifically for this study. Therefore, no information con-
cerning their psychometric properties are readily available,
but a reproducibility study concerning these measure-
ments is now ongoing. 2) To increase the compatibility of
our study results with other available literature, we have
chosen to use the Q-TFA to evaluate prosthesis wearing
time (prosthetic use score) and HRQoL (global score) in
all patients, regardless of their level of amputation. The
Q-TFA is specifically developed for patients with a transfe-
moral amputation, but the constructs we investigate in
this study do not involve specific questions related to the
level of amputation that could influence the validity of the
results. Furthermore, the Q-TFA is widely used in studies
which evaluate bone-anchored prosthesis use, both in pa-
tients with a transtibial as with a transfemoral amputation
[40]. 3) Walking ability is investigated by patient-reported
estimation of the walking distance in daily life. This may
be less accurate than using a pedometer or activity tracker,
but the results are clinically relevant. Patients’ may over-
estimate or underestimate, yet this is likely to happen
structurally and therefore will not lead to biased results. 4)
We have not included a measure investigating back pain
intensity. Although back pain frequency is included, the
method is too robust to identify more subtle changes,
such as back pain intensity, that may also be an important
clinical measure of treatment. For example, patients may
still experience back pain but to a much lesser degree than
before. The prevalence of back pain is high (52–84%) in
patients with a lower extremity amputation using a socket
prosthesis [21, 62–64]. This study will explore if back pain
is a common secondary disability as well in the BAP popu-
lation and we will examine potential mechanisms for
change of back pain over time. Knowledge of these mech-
anisms can influence the content of rehabilitation
programme and future studies may include questions
regards to back pain intensity.
In our clinic patients who choose a BAP do this for
various reasons, including the expectation to increase
their level of function, activity, HRQoL and satisfaction.
However, to our knowledge no previous research has
been done concerning predictors for outcomes on the
level of function, activity, HRQoL or satisfaction. Due to
the lack of current evidence, no individualised care can
be provided. This causes uncertainty concerning the re-
sult of the actual health benefits that a patient is hoping
for when choosing for a BAP. This study will be the first
to address this topic.
The main inclusion criteria for BAPs in current practice
is the presence of socket-related problems. By eliminating
these problems, patients aim to overcome limitations in
their physical functioning. However, a part of the BAP
population suffers from stump pain as result of stoma-
related problems, reactivating muscles and reuse of the
hip joint for weight bearing [34, 40, 46]. Because stump
pain after BAP surgery can also negatively influence phys-
ical functioning it is important to quantify the prevalence,
the level of stump pain and identify potential predictors.
Knowledge concerning these aspects may influence the
content of the rehabilitation programme.
In summary, the psychometric properties of some of the
chosen measurement instruments are absent and may in-
fluence the interpretation of these outcomes. This study is
the first to examine coronal plane gait kinematics, hip ab-
ductor strength, prevalence of back pain, prevalence of
stump pain and level of satisfaction in patients after BAP
surgery. This study will provides preliminary insight in as-
sociated factors for clinically relevant outcome measures
after press-fit BAP surgery. This important knowledge can
help patients and professionals alike, to establish realistic
expectations of the expected natural course after BAP sur-
gery. In turn, this could potentially result in new inclusion
criteria for BAP surgery in the future.
Additional file
Additional file 1: Prediction models with potential predictors. (DOCX 12 kb)
Abbreviations
6MWT: 6-Minute walking test; ASIS: Anterior superior iliac spine; BAPs: Bone-
anchored prostheses; BMI: Body mass index; GEE: Generalised estimating
equations; HHD: Handheld dynamometer; HRQoL: Health-related quality of
life; KD: Knee disarticulation; MFC-level: Medicare functional classification
level; NRS: Numeric rating scale; PCS: Prosthesis comfort score; QoL: Quality
of life; Q-TFA: Questionnaire for persons with a transfemoral amputation;
SDC: Smallest detectable change; SIGAM WAP: Special interest group in
amputee medicine workgroup amputation and prosthetics; SP: Socket
prosthesis; TF: Transfemoral amputation; TT: Transtibial amputation;
TUG: Timed up and go
Acknowledgements
The authors acknowledge the contribution of Shanna Bloemen and
Charlotte Bockting for participating in the measurements, Tom
Langenhuijzen, Marco Papenburg and Stefan Claassen as participating
prosthetists and Amy Sman for reading and correcting the manuscript.
Funding
No funding to declare.
Availability of data and materials
The datasets generated during and/or analysed during the current study will
be available from the corresponding author on reasonable request on the
completion of the study.
Authors’ contributions
RAL, GvH, HvdM and JPF proposed the study design and measurements. The
definitive study design and statistical analysis was determined in
collaboration with RAL, JBS, MWGN, FA, and TJH. RAL wrote as main author
the study design and ethics approval. RAL, JBS, MWGN and TJH wrote the
manuscript, with substantial feedback from all other authors. All authors read
and approved the final manuscript.
Leijendekkers et al. BMC Musculoskeletal Disorders  (2016) 17:484 Page 9 of 11
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
The protocol of this study (registration number 2014/196) was approved by
the Ethics Committees of Radboud university medical centre. Written
informed consent is obtained from all patients.
Author details
1Department of Orthopaedics, Physical Therapy, Radboud university medical
centre, Geert Grooteplein-Zuid 10, 6525GA Nijmegen, The Netherlands.
2Master Clinical Health Sciences, Program in Physical Therapy Science,
University Utrecht and University Medical Centre Utrecht, Utrecht, The
Netherlands. 3Radboud Institute for Health Sciences, IQ healthcare, Radboud
university medical centre, Nijmegen, The Netherlands. 4Research group
Musculoskeletal Rehabilitation, HAN University of Applied Sciences,
Nijmegen, The Netherlands. 5Department of Surgery, Radboud university
medical centre, Nijmegen, The Netherlands. 6Department of Rehabilitation,
Radboud university medical centre, Nijmegen, The Netherlands.
Received: 29 May 2016 Accepted: 14 November 2016
References
1. Ziegler-Graham K, MacKenzie EJ, Ephraim PL, Travison TG, Brookmeyer R.
Estimating the prevalence of limb loss in the United States: 2005 to 2050.
Arch Phys Med Rehabil. 2008;89(3):422–9.
2. Rommers GM, Vos LD, Groothoff JW, Schuiling CH, Eisma WH. Epidemiology of
lower limb amputees in the north of The Netherlands: aetiology, discharge
destination and prosthetic use. Prosthet Orthot Int. 1997;21(2):92–9.
3. Fortington LV, Rommers GM, Postema K, van Netten JJ, Geertzen JH, Dijkstra
PU. Lower limb amputation in Northern Netherlands: unchanged incidence
from 1991–1992 to 2003–2004. Prosthet Orthot Int. 2013;37(4):305–10.
4. Rommers GM, Vos LD, Groothoff JW, Eisma WH. Clinical rehabilitation of the
amputee: a retrospective study. Prosthet Orthot Int. 1996;20(2):72–8.
5. Butler K, Bowen C, Hughes AM, Torah R, Ayala I, Tudor J, Metcalf CD. A
systematic review of the key factors affecting tissue viability and
rehabilitation outcomes of the residual limb in lower extremity traumatic
amputees. J Tissue Viability. 2014;23(3):81–93.
6. Dudek NL, Marks MB, Marshall SC, Chardon JP. Dermatologic conditions
associated with use of a lower-extremity prosthesis. Arch Phys Med Rehabil.
2005;86(4):659–63.
7. Hagberg K, Branemark R. Consequences of non-vascular trans-femoral
amputation: a survey of quality of life, prosthetic use and problems.
Prosthet Orthot Int. 2001;25(3):186–94.
8. Lyon CC, Kulkarni J, Zimerson E, Van Ross E, Beck MH. Skin disorders in
amputees. J Am Acad Dermatol. 2000;42(3):501–7.
9. Meulenbelt HE, Geertzen JH, Jonkman MF, Dijkstra PU. Determinants of skin
problems of the stump in lower-limb amputees. Arch Phys Med Rehabil.
2009;90(1):74–81.
10. Tazawa E. Analysis of torso movement of trans-femoral amputees during
level walking. Prosthet Orthot Int. 1997;21(2):129–40.
11. Sagawa Jr Y, Turcot K, Armand S, Thevenon A, Vuillerme N, Watelain E.
Biomechanics and physiological parameters during gait in lower-limb
amputees: a systematic review. Gait Posture. 2011;33(4):511–26.
12. Molina-Rueda F, Alguacil-Diego IM, Cuesta-Gomez A, Iglesias-Gimenez J,
Martin-Vivaldi A, Miangolarra-Page JC. Thorax, pelvis and hip pattern in the
frontal plane during walking in unilateral transtibial amputees:
biomechanical analysis. Braz J Phys Ther. 2014;18(3):252–8.
13. Michaud SB, Gard SA, Childress DS. A preliminary investigation of pelvic
obliquity patterns during gait in persons with transtibial and transfemoral
amputation. J Rehabil Res Dev. 2000;37(1):1–10.
14. Nadollek H, Brauer S, Isles R. Outcomes after trans-tibial amputation: the
relationship between quiet stance ability, strength of hip abductor muscles
and gait. Physiother Res Int. 2002;7(4):203–14.
15. Sjodahl C, Jarnlo GB, Soderberg B, Persson BM. Pelvic motion in trans-
femoral amputees in the frontal and transverse plane before and after
special gait re-education. Prosthet Orthot Int. 2003;27(3):227–37.
16. Wentink EC, Prinsen EC, Rietman JS, Veltink PH. Comparison of muscle
activity patterns of transfemoral amputees and control subjects during
walking. J Neuroeng Rehabil. 2013;10:87.
17. Hendershot BD, Wolf EJ. Three-dimensional joint reaction forces and
moments at the low back during over-ground walking in persons with
unilateral lower-extremity amputation. Clin Biomech. 2014;29(3):235–42.
18. Russell Esposito E, Wilken JM. The relationship between pelvis-trunk
coordination and low back pain in individuals with transfemoral
amputations. Gait Posture. 2014;40(4):640–6.
19. Yoder AJ, Petrella AJ, Silverman AK. Trunk-pelvis motion, joint loads, and muscle
forces during walking with a transtibial amputation. Gait Posture. 2015;41(3):757–62.
20. Ehde DM, Czerniecki JM, Smith DG, Campbell KM, Edwards WT, Jensen MP,
Robinson LR. Chronic phantom sensations, phantom pain, residual limb
pain, and other regional pain after lower limb amputation. Arch Phys Med
Rehabil. 2000;81(8):1039–44.
21. Ehde DM, Smith DG, Czerniecki JM, Campbell KM, Malchow DM, Robinson
LR. Back pain as a secondary disability in persons with lower limb
amputations. Arch Phys Med Rehabil. 2001;82(6):731–4.
22. Branemark R, Branemark PI, Rydevik B, Myers RR. Osseointegration in skeletal
reconstruction and rehabilitation: a review. J Rehabil Res Dev. 2001;38(2):175–81.
23. Branemark R, Berlin O, Hagberg K, Bergh P, Gunterberg B, Rydevik B. A novel
osseointegrated percutaneous prosthetic system for the treatment of
patients with transfemoral amputation: A prospective study of 51 patients.
Bone Joint J. 2014;96-B(1):106–13.
24. Frossard L, Hagberg K, Häggström E, Gow DL, Brånemark R, Pearcy M.
Functional outcome of transfemoral amputees fitted with an osseointegrated
fixation: temporal gait characteristics. J Prosthet Orthot. 2010;22(1):11–20.
25. Hagberg K, Branemark R, Gunterberg B, Rydevik B. Osseointegrated trans-
femoral amputation prostheses: prospective results of general and
condition-specific quality of life in 18 patients at 2-year follow-up. Prosthet
Orthot Int. 2008;32(1):29–41.
26. Hagberg K, Haggstrom E, Uden M, Branemark R. Socket versus bone-
anchored trans-femoral prostheses: hip range of motion and sitting
comfort. Prosthet Orthot Int. 2005;29(2):153–63.
27. Hagberg K, Hansson E, Branemark R. Outcome of percutaneous
osseointegrated prostheses for patients with unilateral transfemoral
amputation at two-year follow-up. Arch Phys Med Rehabil. 2014;95(11):2120–7.
28. Tranberg R, Zugner R, Karrholm J. Improvements in hip- and pelvic motion
for patients with osseointegrated trans-femoral prostheses. Gait Posture.
2011;33(2):165–8.
29. Van de Meent H, Hopman MT, Frolke JP. Walking ability and quality of life
in subjects with transfemoral amputation: a comparison of osseointegration
with socket prostheses. Arch Phys Med Rehabil. 2013;94(11):2174–8.
30. Muderis MA, Tetsworth K, Khemka A, Wilmot S, Bosley B, Lord SJ, Glatt V.
The Osseointegration Group of Australia Accelerated Protocol (OGAAP-1) for
two-stage osseointegrated reconstruction of amputated limbs. Bone Joint J.
2016;98-B(7):952–60.
31. Khemka A, Frossard L, Lord SJ, Bosley B, Al Muderis M. Osseointegrated total knee
replacement connected to a lower limb prosthesis: 4 cases. Acta Orthop. 2015:
86(6):740–4.
32. Aschoff HH, Kennon RE, Keggi JM, Rubin LE. Transcutaneous, distal femoral,
intramedullary attachment for above-the-knee prostheses: an endo-exo
device. J Bone Joint Surg Am. 2010;92 Suppl 2:180–6.
33. Khemka A, Lord S, Bosley B, Al MM. Osseointegrated prosthetic limb for
amputees-over hundred cases. Prosthet Orthot Int. 2015;39:497.
34. Hagberg K, Branemark R. One hundred patients treated with
osseointegrated transfemoral amputation prostheses–rehabilitation
perspective. J Rehabil Res Dev. 2009;46(3):331–44.
35. Sullivan J, Uden M, Robinson KP, Sooriakumaran S. Rehabilitation of the
trans-femoral amputee with an osseointegrated prosthesis: the United
Kingdom experience. Prosthet Orthot Int. 2003;27(2):114–20.
36. Aschoff HH, Clausen A, Hoffmeister T. The endo-exo femur prosthesis–a
new concept of bone-guided, prosthetic rehabilitation following above-
knee amputation. Z Orthop Unfall. 2009;147(5):610–5.
37. Haggstrom E, Hagberg K, Rydevik B, Branemark R. Vibrotactile evaluation:
osseointegrated versus socket-suspended transfemoral prostheses. J Rehabil
Res Dev. 2013;50(10):1423–34.
38. Jacobs R, Branemark R, Olmarker K, Rydevik B, Van Steenberghe D,
Branemark PI. Evaluation of the psychophysical detection threshold level for
vibrotactile and pressure stimulation of prosthetic limbs using bone
anchorage or soft tissue support. Prosthet Orthot Int. 2000;24(2):133–42.
Leijendekkers et al. BMC Musculoskeletal Disorders  (2016) 17:484 Page 10 of 11
39. Khemka A, FarajAllah CI, Lord SJ, Bosley B, Al MM. Osseointegrated total hip
replacement connected to a lower limb prosthesis: a proof-of-concept
study with three cases. J Orthop Surg Res. 2016;11(1):13.
40. Leijendekkers RA, van Hinte G, Frolke JP, van de Meent H, Nijhuis-van der
Sanden MW, Staal JB. Comparison of bone-anchored prostheses and socket
prostheses for patients with a lower extremity amputation: a systematic
review. Disabil Rehabil. 2016:1–14. Epub ahead of print.
41. World Health Organization. International classification of functioning,
disability and health: ICF. Geneva: World Health Organization; 2001.
42. Molina Rueda F, Alguacil Diego IM, Molero Sanchez A, Carratala Tejada M,
Rivas Montero FM, Miangolarra Page JC. Knee and hip internal moments
and upper-body kinematics in the frontal plane in unilateral transtibial
amputees. Gait Posture. 2013;37(3):436–9.
43. Chalmers I, Glasziou P. Should there be greater use of preprint servers for
publishing reports of biomedical science? F1000Res. 2016;5:272.
44. Van de Meent H, Haket LM, Frölke JPM. Osseointegratieprothesen voor
mensen met een beenamputatie. Nederlands Tijdschrift voor
Revalidatiegeneeskunde. 2016;4:83–7.
45. Austin PC, Steyerberg EW. The number of subjects per variable required in
linear regression analyses. J Clin Epidemiol. 2015;68(6):627–36.
46. Leijendekkers RA, Van Hinte G, Nijhuis-van der Sanden MWG, Staal JB. Gait
Rehabilitation for a patient with an osseointegrated prosthesis following
transfemoral amputation. Physiother Theory Pract. 2015. in press.
47. Osterkamp LK. Current perspective on assessment of human body
proportions of relevance to amputees. J Am Diet Assoc. 1995;95(2):215–8.
48. International Standards Organization. ISO 8548–2. Prosthetics and orthotics -
Limb deficiencies - Part 2: Method of describing lower limb amputation
stumps. Geneva. 1993.
49. Pua YH, Wrigley TV, Cowan SM, Bennell KL. Intrarater test-retest reliability of
hip range of motion and hip muscle strength measurements in persons
with hip osteoarthritis. Arch Phys Med Rehabil. 2008;89(6):1146–54.
50. Hagberg K, Branemark R, Hagg O. Questionnaire for Persons with a
Transfemoral Amputation (Q-TFA): initial validity and reliability of a new
outcome measure. J Rehabil Res Dev. 2004;41(5):695–706.
51. Englbrecht M, Tarner IH, van der Heijde DM, Manger B, Bombardier C, Muller-
Ladner U. Measuring pain and efficacy of pain treatment in inflammatory
arthritis: a systematic literature review. J Rheumatol Suppl. 2012;90:3–10.
52. Centers for Medicare and Medicaid Services. In: National Technical
Information Service, editor. U.S. Department of Health and Human Services.
HCFA Common Procedure Coding System (HCPCS) 2001. Springfield (VA): U.
S. Department of Commerce; 2001. Chapter 5.3.2001.
53. Rommers GM, Ryall NH, Kap A, De Laat F, Van der Linde H. The mobility
scale for lower limb amputees: the SIGAM/WAP mobility scale. Disabil
Rehabil. 2008;30(15):1106–15.
54. Schoppen T, Boonstra A, Groothoff JW, de Vries J, Goeken LN, Eisma WH.
The Timed “up and go” test: reliability and validity in persons with unilateral
lower limb amputation. Arch Phys Med Rehabil. 1999;80(7):825–8.
55. Gailey RS, Roach KE, Applegate EB, Cho B, Cunniffe B, Licht S, Maguire M,
Nash MS. The amputee mobility predictor: an instrument to assess
determinants of the lower-limb amputee’s ability to ambulate. Arch Phys
Med Rehabil. 2002;83(5):613–27.
56. Steffen TM, Hacker TA, Mollinger L. Age- and gender-related test
performance in community-dwelling elderly people: Six-Minute Walk Test,
Berg Balance Scale, Timed Up & Go Test, and gait speeds. Phys Ther. 2002;
82(2):128–37.
57. Andersson M, Moberg L, Svantesson U, Sundbom A, Johansson H, Emtner
M. Measuring walking speed in COPD: test-retest reliability of the 30-metre
walk test and comparison with the 6-minute walk test. Prim Care Respir J.
2011;20(4):434–40.
58. Forrest GF, Hutchinson K, Lorenz DJ, Buehner JJ, Vanhiel LR, Sisto SA, Basso
DM. Are the 10 meter and 6 minute walk tests redundant in patients with
spinal cord injury? PLoS One. 2014;9(5):e94108.
59. Paul S, Zhang X. Small sample GEE estimation of regression parameters for
longitudinal data. Stat Med. 2014;33(22):3869–81.
60. Zeger SL, Liang KY, Albert PS. Models for longitudinal data: a generalized
estimating equation approach. Biometrics. 1988;44(4):1049–60.
61. Twisk JW. Longitudinal data analysis. A comparison between generalized
estimating equations and random coefficient analysis. Eur J Epidemiol. 2004;
19(8):769–76.
62. Kulkarni J, Gaine WJ, Buckley JG, Rankine JJ, Adams J. Chronic low back pain
in traumatic lower limb amputees. Clin Rehabil. 2005;19(1):81–6.
63. Smith DG, Ehde DM, Legro MW, Reiber GE, del Aguila M, Boone DA.
Phantom limb, residual limb, and back pain after lower extremity
amputations. Clin Orthop Relat Res. 1999;361:29–38.
64. Stam HJ, Dommisse AM, Bussmann HJ. Prevalence of low back pain after
transfemoral amputation related to physical activity and other prosthesis-
related parameters. Disabil Rehabil. 2004;26(13):794–7.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Leijendekkers et al. BMC Musculoskeletal Disorders  (2016) 17:484 Page 11 of 11
